The distribution of adiabatic film-cooling effectiveness on the endwall of a large-scale low-speed linear turbine cascade has been measured using a new technique. This technique is based on an established surface-flow visualisation technique, and makes use of the reaction between ammonia gas and a diazo surface coating. A new method of calibration has been developed to relate the result of the reaction to surface concentration of coolant. Using the analogy that exists between heat and mass transfer the distribution of film-cooling effectiveness can then be determined.
INTRODUCTION
An increase in the cycle efficiency of gas turbines can be achieved through higher turbine entry temperatures. In turn, this requires the development of materials and efficient cooling methods. One cooling method that has gained increasing importance is endwall film-cooling, where coolant air is discharged through discrete holes in the inner and outer endwalls (platforms) of a turbine blade passage. After leaving the holes, the coolant forms a protective layer between the hot mainstream gas and the surface that is to be protected.
The external flow near the endwall, which interacts with the ejected coolant, is three-dimensional due to the presence of secondary flow. A general overview of secondary flow in turbine blade passages is given by Sieverding (1984) . Harrison (1989) describes the secondary flow structures in the turbine cascade used in this investigation.
The first work published on endwall film-cooling seems to be by Blair (1974) . He found that both heat transfer and film-cooling on the endwall are influenced by secondary flow. A similar observation was made by Takeishi et al. (1989) . Their leading edge horseshoe vortex, for example, increased heat transfer and decreased film-cooling effectiveness near the leading edge on the endwall. Granser and Schulenberg (1990) also observed the influence of secondary flow. They ejected coolant from a slot in the endwall upstream of the leading edge and measured higher levels of film-cooling effectiveness near the suction side of the blade than near the pressure side. Goldman and McLallin (1977) and Sieverding and Wilputte (1980) performed aerodynamic measurements and found a significant effect of endwall film-cooling on the loss and angle distributions downstream of the blade passage, illustrating that endwall coolant ejection influences the passage flow field.
Bourguignon (1985) observed that coolant ejection tends to turn the endwall streamlines towards the inviscid streamlines. In Bourguignon's investigation, endwall film-cooling was effective for up to ten hole diameters downstream of ejection. Both Bourguignon (1985) and Bario et al. (1989) found that ejecting the coolant at an angle to the flow has little effect on the jet trajectory, except in the vicinity of the holes. Despite the strong interactions present in endwall film-cooling, the investigations of Harasgama and Burton (1991) and Jabbari et al. (1994) show that high levels of cooling can be achieved with endwall film-cooling.
In the present study, the effectiveness of a film-cooling configuration is assessed by comparing the temperature Taw that an adiabatic wall would assume under the influence of the ejected coolant, with the one that it would assume without coolant ejection. Since the Mach number in this investigation is small, the uncooled adiabatic wall temperature is approximately equal to the free stream temperature Tom. The adiabatic wall temperature Taw is usually expressed as a dimensionless temperature, or adiabatic film-cooling effectiveness TI, with Tjet being the coolant temperature at the exit of the cooling hole.
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( 1) claw-T iet -T An isothermal film-cooling effectiveness can be defined based on isothermal wall arguments. This is an alternative to the adiabatic film-cooling effectiveness and is used in temperature based experimental studies with isothermal wall conditions.
Techniques for the experimental determination of adiabatic film-cooling effectiveness can be classed into two groups. In the first group the coolant is ejected at a temperature different from the mainstream and the adiabatic wall temperature is measured directly. Thermocouples, thermochromic liquid crystals or infrared cameras may be used to measure the surface temperature. In these experiments it is often difficult to achieve an adiabatic wall, so corrections are applied to allow for conduction in the wall. The second group of techniques relies on the analogy that exists between heat and mass transfer. Coolant air at the same temperature as the free stream is seeded with a tracer gas, and surface concentrations of the tracer gas are measured. Analogous to the adiabatic film-cooling effectiveness, an impermeable wall effectiveness based on concentration measurements can be defined:
The conditions for the use of the analogy between heat and mass transfer in film-cooling investigations have been reviewed by Shadid and Eckert (1991) . When they are met, the impermeable wall concentration field is similar to the adiabatic wall temperature field and the two effectiveness parameters are equal: This is the case in typical film-cooling investigations, where Reynolds numbers are high and turbulent mixing dominates over molecular diffusion. Molecular parameters such as Prandtl and Schmidt numbers have very little influence. The results of Pedersen et al. (1977) , for example, illustrate that the impermeable wall effectiveness is practically independent of the Schmidt number over their investigated range. Therefore the Ciw distribution in a concentration based film-cooling experiment will be representative of the Taw distribution of a temperature based experiment having similar Reynolds numbers and coolant to free stream property ratios.
To date, surface concentration measurements have been performed by analysing gas samples taken either through tappings in the wall or through probes or rakes adjacent to the surface. This paper describes an alternative technique for performing surface concentration measurements; the ammonia and diazo surface coating technique.
In both the temperature and concentration based experiments, different techniques are capable of different degrees of resolution of film-cooling effectiveness. Jabbari et al. (1994) , for example, encountered difficulties with their gas sampling technique. The coolant trajectories moved relative to the fixed gas sampling tappings as experimental conditions were varied. In practice, thermocouple techniques and techniques based on sampling gas through wall tappings are only able to measure at predetermined locations. Probe sampling techniques, thermochromic liquid crystal, infra-red camera or ammonia and diazo techniques cover a large area of the surface and provide a complete representation of the film-cooling effectiveness.
THE AMMONIA AND DIAZO TECHNIQUE
The use of the ammonia and diazo surface coating technique for measuring adiabatic film-cooling effectiveness is based on an established surface-flow visualisation technique. In investigations such as those reported by Joslyn and Dring (1983) and Hodson and Addison (1989) , the surface of the test piece is covered with diazo coated paper. Pure ammonia gas is then either passed slowly through wall tappings or is ejected from an upstream probe. The ammonia gas reacts with the diazo coating, leaving a trace on the paper as it is transported over the surface by the flow under investigation. Dring et al. (1980) and Jabbari et al. (1994) used the ss:., basic technique to visualise coolant flow in filmcooling investigations. The coolant air was seeded with ammonia gas and was passed over a surface covered with diazo paper, leaving traces of varying darkness.
The first suggestion of the use of the ammonia and diazo technique for quantitative effectiveness measurements seems to have been by Soechting et al. (1987) . To simulate a realistic density ratio they used CO2 as coolant, demonstrating the use of the basic technique with coolant gases other than air. They did not develop a quantitative ammonia and diazo technique, as they concluded that extensive calibrations were necessary to correlate the darkness of the trace to the coolant concentration.
The method of calibration described below was developed to allow the calculation of film-cooling effectiveness from the measured darkness. A detailed description of this new method of calibration and of the use and validation of the ammonia and diazo surface coating technique for the measurement of adiabatic film-cooling effectiveness is given in Friedrichs and Hodson (1994) .
The Diazo Surface Coating
The chemicals of the diazo surface coating are usually applied to paper or polyester film, which is then fixed to the experimental surface. In the experiments presented here, a polyester film with a thickness of 0.05 mm was used. The film is covered with the chemicals embedded in a resin. The use of film was preferred over the use of paper as it has a smoother surface and is easier to remove from the test piece after being fixed with low-tack double-sided tape. In the study of very complex threedimensional geometries where paper or film cannot be fixed satisfactorily, they may however be applied directly to the surface.
The mixture of chemicals usually consists of ten to fifteen different components, mainly diazos, couplers, and additives. The diazos are light sensitive and react with ammonia and water to form radicals. Exposure to light desensitises the diazos to ammonia and water. The couplers react with the radicals to form the dyes that darken the surface coating. The additives may include stabilisers, contrast enhancers and ethylene glycol to absorb moisture.
Experimental Procedure and Processing
The measurement technique relies on the principle that the darkness of the traces on the diazo surface coating is dependent on the surface concentration of the ammonia and water vapour in the coolant gas. Prior to the experiment, diazo film is fixed to the experimental surface. The wind tunnel is started and conditions are allowed to stabilise. The cooling air is then seeded with ammonia gas and water vapour. In the experiments presented here, the average ammonia concentration was -0.5%, the average relative humidity was -90%, and the exposure time was between one and two minutes. These values can be varied to achieve the desired darkness of the traces, as long as both ammonia and water vapour are present for the chemical reaction to take place. After the experiment, the image is fixed by exposure to light to prevent further reaction. An example of the resulting traces on a flat plate is shown in Fig. 1 . Fig. 1 directly reveals coolant trajectories, but to determine cooling effectiveness the relationship between the darkness of the trace and the surface concentration of coolant has to be found. The reaction between the diazo surface coating and the coolant seeded with ammonia gas and water vapour is dependent on a variety of factors. Increases in ammonia concentration, humidity, and exposure time each result in a darker image. An increase in temperature results in a lighter image, with a temperature difference of merely 3°C resulting a change in relative darkness of about 20%.
To avoid individual calibrations for each of these dependencies, a reference experiment is performed parallel to the main experiment. In the reference experiment, a calibration strip such as the one shown in Fig. 2 is produced by mixing the coolant gas mixture with free stream air from the wind tunnel in known ratios. All the above dependencies are automatically taken into account, as the calibration strip is exposed to representative mixtures for the same amount of time as the main experiment. To create this calibration strip, a mixing box has been designed (see Fig. 3 ). It provides eleven sampling tubes with coolant to mainstream mixtures of 0% to 100%, in 10% steps. Each of the sampling tubes is fed by a total of ten holes. The 0% tube is fed from ten holes ejecting mainstream air, the 10% tube is fed from nine mainstream holes and one coolant gas hole, and so on. The air in each of the sampling tubes is passed over a strip of diazo paper or film, creating the calibration strip. The design concentrations in the sampling tubes are achieved with uniform flowrates through all of the holes. The design criteria for the mixing box therefore were uniform hole shapes and diameters, sufficiently large plenum chambers, uniform exit static pressures and equal pressures in the two plenum chambers. The completed mixing box was calibrated by analysing gas samples from each of the sampling tubes, and was found to function as designed.
Air from Main Passage
Air from Coolant Plenum In order to quantify the darkness distribution obtained using the ammonia and diazo technique, both the image and the corresponding calibration strip are digitised simultaneously using an optical scanner. The analysis of the calibration strip gives the relationship between the darkness of the trace and the relative concentration of the coolant. This results in calibration curves such as the one shown in Fig. 4 . By applying the calibration using interpolation between the calibration points, the relative concentration of each measurement point is determined.
100.
90. In the present experiments only the coolant is seeded with ammonia and water vapour. The free stream concentration therefore corresponds to a value of 0%. With the relative coolant concentration in the plenum being 100%, the measured relative concentration values are equivalent to the adiabatic film-cooling effectiveness. Equations (2) and (3) therefore become:
Validation and Discussion
To validate the ammonia and diazo technique, Friedrichs and Hodson (1994) compared cooling effectiveness data obtained using the ammonia and diazo technique with data obtained using a gas sampling technique. This comparison was performed for a flat plate with a single row of five discrete m-cooling holes. The five holes had a hole length to diameter ratio of 3.5, a spacing to diameter ratio of 3.0 and were inclined at an angle of 35 0 to the surface in direction of the free stream. The experiments were run at low speed, unity density ratio, and a blowing ratio M = 0.5. Fig. 1 shows the coolant trace downstream of the central hole, with traces from neighbouring holes visible on either side. In the gas sampling technique, the cooling air was seeded with ethylene gas and samples were taken from surface tappings at fixed locations downstream of the central hole. Using an infra-red gasanalyser, the concentration of the tracer gas in the samples of the surface flow was determined. Fig. 5 shows the comparison between the results of the gas sampling technique and averaged results from the ammonia and diazo technique. The 'spikes' in the ammonia and diazo results are due to holes in the polyester film at the locations of the gas sampling tappings. Sinha et al. (1991) Included in Fig. 5 are results from Sinha et al. (1991) . They measured centreline cooling effectiveness in a similar experiment using a temperature based measurement technique. Their experiment differed from the present one in the coolant to mainstream density ratio (1.2 vs. 1.0), the coolant hole length to diameter ratio (1.75 vs. 3.5), and possibly the inlet boundary layer which was not measured in the present experiment.
Agreement between the results is good, except in the vicinity of the hole where gradients are high. The difference in density ratio is unlikely to be the cause of the discrepancy, as Sinha et al. (1991) showed that density ratio has no noticeable effect at this low blowing ratio. Schmidt et al. (1994) showed that the same is true for the length to diameter ratio. Although not measured, the boundary layer is expected to be similar to the one found in the experiments of Sinha et al. (1991) . According to Bogard (1995) , the discrepancy may be due to conduction problems with the thermal measurements, illustrating a possible limitation of thermal techniques.
The calibration curve shown in Fig. 4 is similar to the curves used in obtaining the results in Fig. 5 . It illustrates the nonlinearity of the relationship between darkness and concentration. For these experiments, saturation is reached above 60%...70% coolant concentration. The resolution in that region is significantly reduced. A small change in measured darkness results in a large change in interpreted coolant concentration. The large steps in the regions of high cooling effectiveness of the ammonia and diazo results in Fig. 5 illustrate this effect.
Both the validation experiment and the endwall film-cooling experiment described here were conditioned to give good resolution at low levels of cooling effectiveness. They are therefore well suited to determine the overall distribution of cooling effectiveness. If lighter traces are produced, for example through lower concentrations of ammonia, the experiment can be conditioned to give good resolution at high levels of cooling effectiveness. Details in regions of high cooling effectiveness, for example in the vicinity of coolant jets, can then be studied.
Experiments were performed in two different facilities to determine if the flow Reynolds number or if ammonia or water vapour depletion have an influence on the darkness of the trace. For the depletion experiment, a mixture of ammonia and water vapour was passed through a two metre long tube, the inside of which was coated with diazo film. For the Reynolds number experiment, a mixture of fixed concentration was passed over a series of diazo film strips at different flow velocities, covering the range of Reynolds number found in the experiment. Neither the Reynolds number nor ammonia or water vapour depletion had a detectable effect on the darkness. Sometimes it may not be possible to produce a valid calibration strip such as the one shown in Fig. 2 . This may happen when the mixing box and its feed lines are not adiabatic, and the coolant, mainstream and mixing box temperatures differ. An alternative method of calibration is proposed by Haslinger and Hennecke (1994) . For a specific experimental condition, a gas sampling technique such as the one used by Jabbari et al. (1994) may be used to determine concentrations at discrete locations on the surface. An ammonia and diazo trace is produced for the same condition. By comparing the measured surface concentrations to the darkness values of the trace at the same locations, a calibration curve can be derived. By using this alternative method of calibration the dependencies of the ammonia and diazo reaction are also taken account of, and the advantages inherent in the ammonia and diazo technique remain.
TURBINE CASCADE AND COOLING CONFIGURATION
The endwall film-cooling investigation presented here was performed on a large-scale, low-speed, linear turbine cascade. The cascade consists of four blades with a true chord of 278 mm, a span of 300 mm, and a pitch of 230 mm. The flow enters the cascade at an angle of 40 0 and is turned through 105°. With the low aspect ratio and high turning angle, the blades produce strong secondary flows. These are stronger than the ones found in high pressure nozzle guide vanes with a typical turning angle of 70°, and therefore allow a more detailed observation of the basic interactions between endwall coolant ejection and the passage flow field. Details of the basic cascade without endwall filmcooling can be found in Harrison (1989) . Fig. 6 shows oil and dye surface-flow visualisation on the cascade endwall without coolant ejection. The three-dimensional separation lines can clearly be seen. For ease of comparison, they are also shown in Fig. 7 and Fig. 8 as dashed lines.
Coolant air is ejected from a common plenum chamber through 43 holes in one endwall of a single passage. Fig. 7 shows the cooling configuration that consists of four single rows of holes and four individual holes, all having a diameter of 4 mm and ejecting at an angle of 30° to the surface. The thickness of the endwall is 12 mm, giving a length to diameter ratio of 6, typical of endwall film-cooling configurations.
This cooling configuration would provide cooling to most of the endwall surface in the absence of secondary flow. It is therefore well suited to investigate the effect that the interactions between the ejected coolant and the endwall flow field have on The single holes near the blade pressure surface were designed to provide internal cooling. The air is intended to convectively cool the metal of the endwall as it passes through the holes. Upon reaching the surface it is ejected and used for film-cooling purposes. Three of the single holes are located in the comer between the pressure surface of the blade and the endwall in the second half of the blade passage. They eject in the flow direction. The fourth single hole is located just downstream of the trailing edge, and is angled to the flow in an attempt to direct coolant into the wake of the trailing edge.
Each of the cooling holes experiences a different exit static pressure as it ejects into the flow field near the endwall. The undisturbed endwall static pressure field as measured by Harrison (1989) is also shown in Fig. 7 . Coolant ejection will locally affect the pressure field in the vicinity of the holes due to the blockage presented by the jet. Due to its interaction with the passage flow field, coolant ejection will also influence the overall passage pressure field. In a first approximation the undisturbed pressure field is used to determine the local hole exit static pressures. Fig. 8 shows the distribution of the mean shear stress coefficient on the endwall. It was calculated by Harrison (1989) from surface shear stress measurements obtained using the oil drop method. Using the Reynolds analogy, this distribution can be viewed as a distribution of Stanton number. From it, one can see that the region downstream of the lift-off line in the first half of the blade passage is one of potentially high heat transfer. Towards the rear of the blade passage the values fall, leaving a local peak where the three-dimensional separation lines reach the blade suction surface. Flow velocities are high in the rear part of the blade passage, especially near the blade suction surface (see Fig. 7 ). As heat transfer coefficients are proportional to Stanton number multiplied by velocity, this also is a region of potentially high heat transfer.
TEST CONDITIONS
In the present experiment, air is supplied to the common plenum chamber at the same temperature as the fret tream. As density changes due to the tracer amounts of ammonia gas and water vapour are negligible, this results in a unity coolant to free stream density ratio. For the experimental conditions presented here, the coolant plenum pressure equals the inlet stagnation pressure. The ratio of coolant exit velocity to local free stream velocity is therefore approximately equal for all holes.
An isentropic coolant massflow was calculated based on the experimental conditions, hole diameters and measured hole exit static pressures. It was compared to the coolant massflow measured during the experiment. The comparison gave an average reduction in massflow by a factor of 0.67. The reduction is caused by flow separation off the inlets of the coolant holes. The separation creates three-dimensional flow structures with counter- Leylek and Zerkle (1993) . As a result, all coolant holes operate with a blowing ratio of M = 0.67 and a momentum ratio of I = 0.45. For the passage under investigation, the total coolant massflow was equivalent to 1.64 % of the passage massflow, if both endwalls had been cooled. The distribution of the coolant massflow for the passage is shown in The results presented in this paper were produced with the cascade operating at a Reynolds number of 8.6x105 based on exit velocity and true chord, which corresponds to a Reynolds number of 4.5x105 based on inlet velocity and true chord. Harrison (1989) measured the inlet boundary layer at a point half an axial chord upstream of the leading edge and found it to have a thickness of 18 mm, a displacement thickness of 2.6 mm, a momentum 
DISCUSSION OF RESULTS
The distribution of cooling effectiveness on the cascade endwall was measured using the ammonia and diazo technique. Two A4 sheets of polyester film were required to cover the relevant regions of the endwall. The traces left by the coolant which had been seeded with ammonia and water vapour are shown in Fig. 9. horseshoe vortex pass to either side of the blade. The suction-side leg travels around the blade and its lift-off line later intersects the blade suction surface. The pressure side leg moves into the blade passage and merges with the main passage vortex. The passage vortex moves across to the suction surface of the neighbouring blade under the influence of the passage pressure field. The incoming boundary layer separates along the lift-off line of the passage vortex. Downstream of the lift-off line, Harrison (1989) found the new boundary layer to be thin, highly skewed, and largely laminar. The darkness distribution on each of the sheets was scanned together with the calibration strip produced during this experiment. Darkness values were measured out of a range of 256 greyscales at a resolution of 75 dots per inch, giving approximately 3 measurement points per millimetre. After processing, the film-cooling effectiveness results from the two sheets were combined in Fig. 11 . A comparison of the results in Fig. 11 with the joint between the two sheets of film seen in Fig. 9 shows continuous contours across the joint, illustrating that possible differences between sheets of film or in scanning and processing are negligible. Fig. 10 shows an oil and dye visualisation of the endwall surface-flow under the influence of the ejected coolant. Due to the blockage presented by the leading edge, the incoming endwall boundary layer is subjected to a stagnating pressure gradient. This causes the boundary layer to undergo three-dimensional separation and to roll up into a horseshoe vortex. The legs of the A comparison to the case without coolant ejection (see Fig. 6 and Fig. 7) , shows that the lift-off line of the horseshoe vortex has moved closer to the leading edge. A similar observation is made by taking the two coolant holes at 60% axial chord near the blade suction surface as a reference, and comparing the locations of the lift-off line with and without coolant ejection (see Fig. 7 and Fig. 10 ). The comparison reveals that the lift-off line of the passage vortex has moved downstream. In both cases the ejection of coolant seems to have delayed the separation of the inlet boundary layer. The most visible influence of the ejected coolant on the secondary flow can be seen at the row of holes at 30% axial chord. The three-dimensional separation of the inlet boundary layer is delayed due to the coolant ejection, resulting in a displacement of the lift-off line. The three-dimensional separation lines shown in Fig. 10 are also shown as dashed lines in Fig. 11 to simplify comparisons. Takeishi et al. (1989) found that the leading edge horseshoe vortex increased heat transfer and decreased cooling effectiveness near the leading edge. In this investigation, Fig. 11 shows that the horseshoe vortex prevents coolant from being effective in the area The holes at the leading edge eject coolant into the inlet boundary layer before it separates. Fig. 11 shows that cooling is present in the region downstream of the holes and upstream of the lift-off lines, although the levels of cooling effectiveness are not as high as the ones found towards the rear of the passage. The coolant trajectories near the blade suction surface in the mouth of the blade passage display little lateral spreading and high persistence. This indicates reduced mixing, probably due to accelerating flow in this region. Cooling is provided almost up to the row of holes at 30% axial chord. An uncooled area remains between the pressure surface of the blade, the lift-off lines, and the cooling holes at 30% axial chord. This is unfortunate, as Fig. 8 indicates high levels of Stanton number in this region. Takeishi et al. (1989) and Gaugler and Russell (1983) also measured high heat transfer in this area. The addition of cooling holes in this region is again a possible solution to the problem.
The Row of Holes Upstream of the Leading Edge
Included in Fig. 11 is the local variation of effectiveness along the leading edge. It shows that even though there are significant gaps between the traces of coolant jets, the integrated average cooling effectiveness is 9.1%. The axial variation of pitchwise averages can also be seen in Fig. 11 . It shows that average effectiveness upstream of the row of holes at 30% axial chord is lower than the endwall average of 12.3%, reflecting the large uncooled area near the pressure surface.
The Row of Holes at 30% Axial Chord
The holes at 30% axial chord eject into two different regions of flow which are divided by the path of the passage vortex. The holes near the blade suction surface are upstream of the lift-off line of the passage vortex. They eject into the inlet boundary layer that is thickened as it is 'funnelled into the region having the suction side leg of the horseshoe vortex on one side and the passage vortex on the other. The influence of this 'funnelling' can be seen in Fig. 11 . The trajectories of the affected jets merge and create a blanket of cooling without uncooled gaps. This is beneficial, as heat transfer in this region can be high. Fig. 8 suggests a local peak in Stanton number in this region, which combined with high velocities would result in high heat transfer. The comparison between endwall heat transfer and secondary flow given by Gaugler and Russell (1983) , also shows a local peak in heat transfer where the three-dimensional separation lines reach the suction surface.
The holes near the blade pressure surface are downstream of the lift-off line of the passage vortex. They eject into the new, thin endwall boundary layer. Fig. 11 shows that the trajectory of the coolant from the hole nearest to the pressure surface approximately follows the inviscid streamline direction, leaving an uncooled gap in the blade-endwall corner. A comparison with the surface-flow visualisation in Fig. 10 shows that the endwall flow in the trajectory of this jet diverges. This seems to have a positive influence, as both the lateral spreading and the persistence of this trajectory are high. Of all the holes in the endwall, this is the hole that experiences the highest exit static pressure. It therefore has the lowest coolant massflow. The hole next to the suction surface in the same row of holes has approximately three times the massflow. Considering the low massflow, the cooling performance from this hole is very good. However, if the pressure in the plenum is lowered sufficiently, it will be the first hole to experience reverse flow.
The influence of secondary flow is visible in Fig. 11 in the trajectories coming from the second and third holes from the pressure surface. They are turned towards the suction surface as the jets mix out. The fourth hole is located in the vicinity of the lift-off line of the passage vortex. The separation of the inlet boundary layer and the resulting upwash cause the jet to lift off the endwall before it is able to provide much cooling. Fig. 11 shows that due to the strong deflection of the trajectories an area with hardly any cooling is formed upstream of the row of holes at 60% axial chord. Fig. 8 again shows the uncooled region to be one of potentially high heat transfer. Additional holes are needed to provide cooling in this area, as the new, thin endwall boundary layer downstream of the lift-off line enhances heat transfer to the endwall.
The axial variation of pitchwise averaged cooling effectiveness in Fig. 11 shows that the row of holes at 30% axial chord performs better than the row upstream of the leading edge. Most of the region between 30% and 60% axial chord displays an average film-cooling effectiveness higher than the endwall average. Again, the effect of the uncooled region upstream of the next row of holes is clearly seen.
The Row of Holes at 60% Axial Chord
The interaction of the secondary flow with the coolant jets coming from the row of holes at 60% axial chord is similar to the one found at 30% axial chord. Fig. 11 shows that near the pressure surface, jet trajectories are in approximately the inviscid streamline direction. The traces merge at a low level of cooling effectiveness, but retain individual high effectiveness regions downstream of the holes. Towards the middle of the blade passage there again is an influence of secondary flow. The jet trajectories are short and turned towards the suction surface. The coolant leaves the endwall to be entrained into the passage vortex before providing much cooling. The hole nearest to the suction surface provides cooling for a long distance downstream of ejection. Some of its coolant may be entrained in a vortex that forms in the comer of the suction surface of the blade with the endwall, as the endwall cross-flow starts to move up the suction surface. Again a large, triangular area upstream of the next row of holes remains practically uncooled due to the influence of secondary flow. Stanton numbers inferred from Fig. 8 are low in this region, but velocities are high (see Fig. 7 ) and high rates of heat transfer are to be expected. The cooling holes near the lift-off line that are not effective would be better placed in this region.
The pitchwise averages of cooling effectiveness in Fig. 11 show that the effectiveness in the vicinity of the holes at 60% axial chord is higher than the one for the row upstream. As the jets mix out, the high effectiveness traces from the single holes in the pressure surface-endwall corner cause a rise in the averages, and keep them from falling below -10%. This masks the effect of the large uncooled area upstream of the row of holes at 90% axial chord.
The Row of Holes at 90% Axial Chord
The holes discussed up to now have been ejecting coolant in approximately the inviscid streamline direction. The holes at 90% axial chord eject at an angle to this direction, resulting in a large ejection angle to the endwall cross-flow. Fig. 11 shows that the exit angle is not the direction of the coolant trajectories. The coolant is turned towards the suction surface as soon as it leaves the holes. This corresponds to the findings of Bourguignon (1985) and Bario et al. (1989) , who found that ejecting the coolant at an angle to the flow has little effect on the jet trajectory, except in the vicinity of the holes. Although the effect on trajectories is small, there is a large effect on the endwall flow. A comparison of Fig. 10 with Fig. 6 shows that the endwall crossflow has been reduced. The difference in endwall flow angle upstream and downstream of the holes is large, and the amount of overturning near the endwall is reduced. Fig. 11 shows that the coolant jets at 90% axial chord merge, forming an insulating layer of coolant that is effective for a large distance downstream of ejection. The regions to either side of this blanket remain uncooled. As these areas lie in regions of potentially high heat transfer, additional holes closer to the blade surfaces are necessary to close the gaps.
Pressure Surface -Endwall Corner
The three single holes in the corner of the blade pressure surface with the endwall eject into the inviscid streamline direction, and the trajectories are oriented accordingly. The lateral spreading of the trajectories is enhanced as the endwall cross-flow develops, but not sufficiently so to transport the coolant across the blade passage. The cooling effectiveness is high, and in the context of endwall film-cooling fewer holes would have sufficed.
The cooling effectiveness downstream of the single hole at the trailing edge greatly benefits from the amount of coolant present in the upstream corner. It is angled in an attempt to cool the endwall in the wake of the trailing edge. As this is a region of high levels of turbulence and vortical motion, it was initially expected that providing film-cooling would be difficult. Assisted by the holes in the pressure surface corner, the coolant ejected from the hole at the trailing edge gives high levels of effectiveness, has a high degree of lateral spreading and is effective for a very long distance downstream of ejection.
CONCLUSIONS
The ammonia and diazo surface coating technique has been developed and successfully used to measure the distribution of adiabatic film-cooling effectiveness on the endwall of a largescale, low-speed, linear turbine cascade. The cooling effectiveness distribution was presented together with surface-flow visualisation, revealing the strong interactions between endwall coolant ejection and secondary flow in the blade passage. The turbine cascade was designed to produce very strong secondary flow; stronger than would be found in most engine nozzle guide vanes. This exaggerates the effects, but aids in the illustration and understanding of the basic flow interactions.
The results presented here have shown that the flow structures associated with the three-dimensional separation lines on the endwall can act as barriers to the coolant trajectories on the surface. Coolant ejection underneath the lift-off lines is inefficient, as most of the coolant leaves the surface before providing much cooling. Coolant ejected away from the lift-off lines can provide cooling to a larger area. Ejection near the blade pressure surface into the diverging endwall cross-flow is efficient, as it gives traces with a high degree of lateral spreading and penetration. The trajectories of the coolant were not found to be determined by the angle of ejection to the flow, except in the vicinity of the holes.
The endwall surface-flow field has been modified by coolant ejection. The lift-off lines have moved downstream as the ejection of coolant delayed the three-dimensional separation of the inlet boundary layer. The amount of overturning near the endwall downstream of the cascade was reduced, with the endwall crossflow being turned towards the inviscid streamlines.
The tested cooling configuration did not provide a complete coolant coverage of the endwall. Nonetheless, the area averaged cooling effectiveness for the endwall was found to be 12.3%. The uncooled areas have been identified, and modifications to the configuration have been proposed.
In endwall film-cooling studies it is necessary to measure the complete distribution of film-cooling effectiveness or heat transfer. This allows insight into the flow interactions and quickly identifies over-and under-cooled regions. With the ammonia and diazo surface coating technique, a technique for measuring adiabatic film-cooling effectiveness has been developed that not only gives the complete distribution, but is also easy to use, fast, and low-cost.
